Objectives: To clarify the associations among tongue volume, hyoid position, airway volume and maxillofacial form using cone beam computed tomography (CBCT) data for children with Class-I, Class-II and Class-III malocclusion.
| INTRODUC TI ON
According to Moss's functional matrix theory, bone growth occurs in response to function. 1 Therefore, nasal resistance, presence of adenoids, tonsil size and tongue posture are thought to affect the maxillofacial form. 2 Previous study on the relationship between tongue posture 2 and the maxillofacial form in children has shown that a low tongue is related to a narrow maxilla and a posterior cross-bite, while tongue thrust is associated with an anterior open bite.
The association between the tongue size and malocclusion has also been studied in adult patients; however, reports on whether such an association exists are inconsistent. 3 Many studies in adults 4, 5 have also evaluated the pharyngeal airway, tongue posture and hyoid position in association with orthognathic surgery. Studies of mandibular advancement surgery have reported that the pharyngeal airway spreads and the hyoid bone moves superiorly. 5 However,
an additional report has documented that the hyoid bone moves downward during mandibular setback surgery. 4 Tsuiki et al 6 found a high ratio of the tongue size to the lower face size in adult patients with obstructive sleep apnea syndrome (OSAS). Accordingly, it was believed that the tongue size was closely associated with the hyoid bone position, maxillofacial form, orthodontic surgery and OSAS.
However, neither children nor adults have been adequately studied in this regard. Therefore, the purpose of this retrospective study was to use cone beam computed tomography (CBCT) data to evaluate the tongue volume, pharyngeal airway, hyoid bone position and upper airway ventilation status in children with different malocclusions in order to clarify the association between the tongue volume and other parameters.
| MATERIAL AND ME THODS
Because of the retrospective nature of this study, an exemption was granted by the ethics committee, and the requirement of informed consent was waived.
Sixty patients admitted to a private orthodontic practice for orthodontic treatment were included in this retrospective study (Table 1) . The subjects were divided into three groups according to the sella-nasion-B (SNB) angle as follows: Class-I malocclusion (76°<SNB<80°), Class-II malocclusion (SNB<76°) and Class-III malocclusion (SNB>80°). All subjects exhibited a Frankfort mandibular plane angle of 25°-33°, which is the normal value for Japanese children. The Class-I, Class-II and Class-III groups included 9 boys and 11 girls (average age, 9.3 ± 0.8 years), 9 boys and 11 girls (average age, 9.2 ± 1.1 years) and 9 boys and 11 girls (average age, 9.1 ± 1.4 years), respectively.
The inclusion criteria were as follows: age, 7-11 years; performance of diagnostic CBCT for nonroutine orthodontic treatment (to minimize radiation exposure, we performed the scans only when the diagnostic benefits outweighed the risks of radiation exposure); and a craniocervical inclination of 95°-105°. 7 The exclusion criteria were as follows: previous orthodontic treatment, craniofacial or growth abnormalities, previous treatment for tonsillectomy or adenoidectomy, systemic disease and temporomandibular joint disorders.
The subject was seated in a chair, with the Frankfort horizontal plane parallel to the floor, and was asked to hold their breath at the end of expiration without swallowing, as the pharyngeal airway calibre in the awake condition is the smallest at this time. The head and neck were supported and fixed during scanning. The CBCT device (Alphard 3030, Asahi Roentgen, Kyoto, Japan) was set to a maximum of 80 kV and 2 mA and a 17-s exposure time. Each data consisted of 460 slices, with a voxel size of 0.39 mm. Using a modified protocol,
we obtained cephalogram-like data by performing CBCT. A threedimensional (3D) coordinate system and image were constructed with a medical image analysis system (Imagnosis VE, Kobe, Japan).
The planes were defined as previously described. 2 From these constructed cephalometric images, the anteroposterior positions of the maxilla and mandible were evaluated using the sella-nasion-A (SNA)
angle, SNB angle, ANB angle and Frankfort mandibular plane angle (FMA).
| Three-dimensional analysis
Three-dimensional volumes were calculated (Simpleware ScanIP ver. Table 1 ). The anatomic structures were manually traced on a slice-by-slice basis. For each subject, a series of images including 229 axial slices measuring 0.78 mm in thickness were collected. The hyoid height was measured as the distance from the palatal plane to the hyoid bone ( Figure 1A ).
| Adenoid and tonsil size measurements
The 
Hyoid height (mm)
The vertical distance from the PL plane to H Anatomical balance (%) As the ratio of the tongue volume to the oral cavity volume × 100
images was used to classify the relative adenoid sizes into four groups. 2 The narrowest distance between the tonsils in the midcoronal plane was used to classify the relative tonsil sizes into five groups. 
| Upper airway ventilation status
Computational fluid dynamics (CFD) was used to evaluate the ventilation of each upper airway model ( Figure 2 ). 8 Because the upper airway has a complicated lumen, its evaluation is extremely difficult using morphological data alone. However, CFD simulates the air pressure and velocity magnitudes, and the entire upper airway function can be evaluated more precisely than possible with morphological evaluation alone.
A 3D reconstruction of the upper airway was generated from the CBCT data using volume-rendering software (Vintage Volume Editor;
Cybernet, Tokyo, Japan). Subsequently, the 3D model was converted to a smoothed model without losing the patient-specific shape of the airway, using mesh-morphing software (DEP Mesh Works/Morpher; IDAJ Co., Ltd., Kobe, Japan). The models were exported into fluid dynamics software (Phoenics; CHAM-Japan, Tokyo, Japan) in a ste- 
| Statistical analysis

| RE SULTS
To calculate sample size, a power analysis was performed (1-β error = 0.80, α = 0.05, two-tailed test The tongue and PA volumes were significantly larger in the Class-III group than in the Class-I and Class-II groups (P < 0.001 and P = 0.02, respectively; Table 2 ). The IA volume was significantly larger in the Class-II group than in the Class-I group (P = 0.029). The OC volume was significantly larger in the Class-III group than in the Class-I
and Class-II groups (P < 0.001). The hyoid height was significantly smaller in the Class-II group than in the Class-I and Class-III groups (P = 0.001). AB was significantly larger in the Class-II group than in the Class-I and Class-III groups, while it was significantly larger in the Class-II group than in the Class-I and Class-III groups (P < 0.001).
| Airway ventilation status
The pressure and velocity in the Class-II group were greater than those in the Class-I and Class-III groups (P < 0.001 for both; Table 2 ).
TA B L E 2 Statistical comparisons of among three groups
Class-I n = 20
Class-II n = 20 r, Pearson's correlation, r s , Spearman's rank correlation coefficient.
TA B L E 3 Correlations of among intraoral tissue volume and maxillofacial from
*Statistically significant at P < 0.05. **Statistically significant at P < 0.01.
| Correlations
The tongue volume showed a positive correlation with the PA and OC volume, and SNB and a negative correlation with ANB, pressure and the adenoid and tonsil sizes (Table 3 , Figure 3 ). The PA volume 
| D ISCUSS I ON
This study showed that the tongue volume was larger in Class-III patients than in Class-I and Class-II patients. It also revealed that the tongue volume was positively correlated with SNB and negatively correlated with ANB. Therefore, the tongue volume was shown to be closely related to the anteroposterior mandibular position.
Given conflicting reports on the tongue volume in adult patients with mandibular protrusion, 3 we investigated malocclusion severity and the relative anteroposterior relationship of the maxilla and show an association with the tongue size and anteroposterior mandibular position. The tongue volume in normal 3-year-old children was reportedly 25 ± 4 cm 3 in a magnetic resonance imaging study, 10 while that in a normal adult in a similar study was approximately 90 cm 3 . 11 Reports of 9-year-old study subjects are not available. However, from available reports, we considered the tongue volume determined in this study to be reasonable.
10,11
Our results revealed that the hyoid position was low in patients with Class-II malocclusion and high in patients with Class-III malocclusion ( Figure 3 ). The hyoid position reportedly moves upward after mandibular advancement surgery 5 and downward after mandibular setback surgery. 4, 12 These reports documented changes in the OC volume due to surgical treatment. Consequently, both AB and the hyoid position changed. The relationship between the hyoid bone and AB in the present study was similar to that in previous reports. 4, 5, 12 Although the OC volume in Class-III patients was large, AB was small. Therefore, the tongue volume was relatively smaller than the OC volume, and the hyoid bone was elevated. Conversely, we thought that the low hyoid position in patients with Class-II malocclusion was due to the relatively large tongue volume, considering that AB in these patients was large while the OC volume was small.
Furthermore, Class-II patients had large oral airways, and the tongue dorsum did not contact the palate. In addition, the pressure and velocity in CFD were high because of upper airway obstruction, and the possibility that the patients were mouth breathers.
2
When the upper airway is obstructed, the hyoid bone is reportedly depressed. 13 Accordingly, our Class-II patients were thought to have a low tongue posture and low hyoid position due to upper airway obstruction, and two reasons were considered for the low hyoid bone in these patients: AB and upper airway obstruction.
In this study, AB was 75.69%, 80.57% and 85.76% in Class-I, Class-II and Class-III, respectively. Previous studies reported that the tongue volume-to-airway volume ratio in an adult with OSAS (90.56%) was significantly larger than that in a normal adult (86.98%). 14 In addition, Tsuiki et al 6 reported that the ratio of the tongue area to the area of the lower face, assessed on a F I G U R E 3 Examples of the tongue and hyoid positions in Class-I, Class-II and Class-III children. A, Class-I children. B, Class-II children; the tongue (yellow arrow) and hyoid position (blue arrow) are low. Due to upper airway obstruction, the tongue posture is downward for mouth breathing (yellow arrow). The oral cavity is relatively small, so hyoid position is downward (blue arrow). C, Class-III children: the tongue posture is low, but hyoid position is high. As the oral cavity of Class-III patients is large, hyoid position is elevated (blue arrow) and the tongue posture is downward (yellow arrow) [Colour figure can be viewed at wileyonlinelibrary.com]
cephalogram, as well as the ratio of OSAS to the upper airway obstruction was larger than those in normal individuals without upper airway obstruction. In the present study, the tongue volume was larger than the OC volume in the Class-II patients, but not in the other two groups. Therefore, it was suggested that the Class-II patients had a small airway volume, similar to that in adults with OSAS. Furthermore, upper airway obstruction was determined to occur because of the high pressure, and the velocity was also high according to CFD. Therefore, the Class-II patients in this study showed a tendency similar to that shown by OSAS patients. 6, 14 Given that tongue volume is affected by obesity, data on patient body mass index (BMI) are indispensable to this study. However, since we were not able to obtain information about each patient's BMI, obesity was determined from the three-dimensional countenance built by us, and obese children were consequently excluded.
Therefore, we believe that the effects of obesity were minimal and that the obtained results were reliable. Further study is required to investigate the correlation between the body size of the patient and the tongue volume and airway volume.
In orthodontic treatment during the growth period, the tongue and airway volumes and hyoid position are important for the acquisition of a stable outcome and satisfactory ventilation.
| CON CLUS IONS
1. The tongue volume was large in Class-III patients and small in Class-II patients, and it was closely associated with the anteroposterior position of the mandible. Conversely, AB was small in Class-III patients and large in Class-II patients.
2. The hyoid position was high in Class-III patients and low in Class-II patients, and it was closely associated with AB. 
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